A hypothesis is formulated on viral interaction between HHV-6A and EBV as a pathogenic mechanism in Multiple Sclerosis (MS). Evidence of molecular and genetic mechanisms suggests a link between HHV-6A infection and EBV activation in the brain of MS patients leading to intrathecal B-cell transformation. Consequent T-cell immune response against the EBV-infected cells is postulated as a pathogenic basis for inflammatory lesion formation in the brain of susceptible individuals. A further link between HHV-6A and EBV involves their induction of expression of the human endogenous retrovirus HERV-K18-encoded superantigen. Such virally induced T-cell responses might secondarily also lead to local autoimmune phenomena. Finally, research recommendations are formulated for substantiating the hypothesis on several levels: epidemiologically, genetically, and viral expression in the brain.
Background
The role of viral interactions in pathogenesis has been reported for several human diseases. Examples are coinfection with HCV and HIV [1] or other hepatitis viruses [2] as well as with HIV and HHV-6 [3] or HHV-7 [4] .
For a long time a viral aetiology of Multiple Sclerosis (MS) has been suspected und discussed. Evidence for it has often been circumstantial and sometimes not reproducible. However, in the past 20 to 30 years the importance of two viruses for MS has stood the test of time and recent reviews have summarized the evidence for their aetiological role in MS -Human Herpes Virus 6A (HHV-6A) [5] and Epstein Barr Virus (EBV) [6, 7] . The hypothesis on a viral interaction between HHV-6A and EBV as a pathogenic mechanism in multiple sclerosis (MS) has first been formulated by the author in 2004 [8] . However, a possible connection between the two herpes viruses has not been further studied in detail so far. Here, it will be argued that that the involvement of two different herpes viruses in MS is not circumstantial but fundamental to the aetio-pathogenetic processes in MS. This view could partly explain why two highly prevalent viruses are causing a relatively rare disease. First, some of the pertinent evidence for the involvement of the two viruses in MS will be summarized, and then the pieces of the puzzles will be put together in sight of new evidence supporting the picture.
HHV-6A
An important fact is that all evidence relating MS to HHV-6 involves HHV-6A but not HHV-6B, two quite different herpes viruses [9] . Leibovitch & Jacobson (2014) have recently reviewed the role of HHV-6A in MS [5] .
The basic concept is that HHV-6A is a neurotropic virus infecting the astrocytes of MS-patients [10] . The active replication of HHV-6A in MS patients correlates with a polymorphism of MHC2TA (rs4774C) [11] , a gene that has been associated with MS [12] . MHC2TA is coding for the MHC class II transactivator (CIITA) which plays an essential role in the expression of MHC class II molecules by astrocytes [13] . MHC class II molecules are essential for presentation of antigens to CD4-T-cells, although IFN-γ is needed as an additional factor to enable astrocytes to do so [14, 15] . There seems also to be a combined effect of IFN-γ and HHV-6A infection on astrocytes resulting in the upregulation of ICSBP (IRF8) in astrocytes [16] , a gene that has been associated with MS [17] . The HHV-6A replication related MHC2TA rs4774 minor allele (C) seems to diminish the expression of MHC class II molecules and therefore might allow the immune escape of the virus, similarly as described for CMV in an astrocytoma cell line [18] . Nevertheless, oligoclonal IgG from MS patients, specific for the HHV-6-A major capsid proteins have been demonstrated [19] , indicating that viral immune escape is not absolute.
EBV
The role of EBV in MS has recently been reviewed by Pender (2011) [6] and Owens & Bennett (2012) [7] . Here, the basic concept is that B-cells in the brain of MSpatients are EBV-transformed, and that the cellular immune response towards the EBV-infected cells is the hallmark of the inflammatory basis of MS. Intrathecal CD8 T-cells of MS patients recognizing lytic Epstein-Barr virus proteins have been described recently [20, 21] .
Indirect evidence for transformation of B-cells in the CNS of MS patients comes from early observations that the pattern of oligoclonal bands in the CSF of MS patients is stable over time [22] . This patient-specific antibody "fingerprint" has recently been analysed at the level of epitope specificities that stayed identical over several years [23] . A systemic examination of the specificities of such antibodies produced by B-cells in the CNS of MS patients revealed no MS-specific pattern [24] . One explanation for these findings would be that such specificities are random as one would expect from EBV-transformed and immortalized B-cells [25] . EBV persistence has been described in post-mortem brain tissue of MS patients and viral reactivation has been localized to acute lesions and ectopic B-cell follicles in the meninges [26] . Notably, EBNA2+ and LMP1+ cells were detected in perivascular inflammatory cell infiltrates in active white matter lesions. However, others could not reproduce such direct evidence of EBV infection in brains of MS patients and the issue still is controversial (reviewed in [27] ). On the other hand, oligoclonal IgG from MS patients, specific for the EBV proteins BRRF2 and EBNA-1 could be demonstrated [28, 29] .
The link
The basic concept is that HHV-6A actives latent EBV in B-cells resident in MS lesions.
The activation of EBV in B-cells by HHV-6 has first been reported 1993 by Louis Flamand et al [30] . In 1995 Laura Cuomo et al. [31] demonstrated that such activation of EBV is only a property of HHV-6A but not HHV-6B. Later Laura Cuomo et al. [32] have shown that HHV-6A not only induces EBV-encoded proteins associated with the lytic cycle but also upregulates expression of EBV-encoded growth-transformation-associated proteins, namely LMP1 and EBNA-2.
The activation of EBNA-2 expression by HHV-6A deserves a special interest since recently it has been found that the association between EBV and MS is dependent on genetic variants of EBV involving particularly the EBNA2 gene, the most polymorphic region of the viral genome [33] .
This [34] ).
EBNA-2 regulation of transcription through RBPJ-κ is essential for resting B-lymphocyte conversion to immortal B-cells [35, 36] . Interestingly, RBPJ is a possible autoantigen in MS recognized by CSF-derived immunoglobulin G in a subset of patients with MS [37] . On the molecular level, therefore, the link between HHV-6A and EBV can be pinned down to two interacting proteins: HHV-6A induced EBNA-2 and cellular host protein RBPJ-κ. Such physical interaction between a foreign (viral) protein and a self-protein might well turn the RBPJ-κ into an autoantigen, similarly as it is the case with gliadin and tissue transglutaminase in celiac disease.
The upregulation of LMP1 by HHV-6A in EBV infected cells [32] suggests a further interesting link to MS: As shown in EBV-related nasopharyngeal carcinoma cells, LMP1 induces an increasing expression of kappa light chains [38] . On the other hand, as known for many years, intrathecal expression of kappa light chains is a consistent finding in CSF of MS patients, having even a prognostic value [39] . A recent multicentre study has confirmed the diagnostic value of kappa free light chains in CSF as diagnostic biomarkers in MS [40] . The question remains what cells in the CNS would produce the kappa light chains. Apart from B-cells, interesting candidates are astrocytes infected with both EBV [41] and HHV-6A [10] . EBV infection of astrocytes activates the HERV-W/MSRV/syncytin-1 [41] . The HERV-W-related retroelement, MS retrovirus (MSRV), particularly its envelope protein syncytin-1, has been reported to be overexpressed in white matter lesions of individuals with MS (reviewed in [42] ).
A further link between HHV-6A and EBV comes from the observation that both viruses induce expression of the human endogenous retrovirus HERV-K18-encoded superantigen [43, 44] . Furthermore, the HERV-K18.3 env genotype is a potential risk factor for MS [45] . Interestingly, the HERV-K18-encoded superantigen stimulates T-cells carrying receptors of the Vβ13 family [46] in which also T-cell clones with specificity for an immunodominant peptide of myelin basic protein (MBP) have been found in MS patients [47] . This example is demonstrating how a viral infection might lead to or enhance an autoimmune reaction.
Disease-modifying therapies in MS
Support for a combined pathogenic role of HHV-6A and EBV in MS might come from studies involving diseasemodifying therapies. In fact, the first trial in MS with specific anti-herpes virus treatment showed that acyclovir might inhibit the triggering of MS [48] . Later, the introduction of IFN-β as the first disease modifying therapy of MS was initially based on the assumption that the anti-viral effect of IFN-β is the basis of its treatment effect. Particularly, an interference with EBV and MSRV is suspected. However, the exact mode of its action is not yet fully understood (for review see [49] ). Apart from EBV and MSRV, IFN-β treatment seems to affect HHV-6 expression. Patients that fail to suppress HHV-6 during IFN-β treatment have been demonstrated to also show a poor clinical response [50] .
Another line of evidence supporting the pathogenic role of HHV-6A and EBV in MS comes from the treatment effect of B-cell depletion. Originally, chimeric monoclonal antibodies against the pan-B cell marker CD20, in form of rituximab, were used to successfully treat EBV-related post-transplant lymphoproliferative disorders (PTLD) [51] . The idea of B-cell depletion with rituximab was then successfully adopted to treatment of relapsing-remitting MS [52] . Even better results were later achieved by using the fully humanized anti-CD20 monoclonal antibody ocrelizumab (OCR) that showed to be effective not only in relapsing-remitting MS but also in primary progressive MS [53] , illustrating the central role of B-cells in the pathogenesis of MS.
The third line of evidence comes from treatment with the α 4 integrin (VLA-4) antagonist natalizumab. Treatment with natalizumab carries the risk of provoking progressive multifocal leukoencephalopathy (PML) caused by latent JC virus in the CNS (for review see [54] ). However, in addition HHV-6 seems to be reactivated in the CNS of some natalizumab treated patients [55] .
None of the above-mentioned disease-modifying therapies in MS directly prove the postulated interaction of HHV-6A and EBV, but all of them are well in line with infection of both HHV-6A and EBV in the brain of MS patients.
Conclusion
A link is postulated between HHV-6A and EBV in the aetio-pathogenesis of MS.
In summary, the tenet is that infection with the neurotropic HHV-6A leads to transformation of latently EBVinfected B-cells in the CNS. Both viruses will elicit a T-cell response, either specific towards HHV-6A and EBV, or non-specific as a response to the HERV-K18-encoded superantigen. Such viral induced T-cell responses might secondarily also lead to autoimmune phenomena. Evidence for mechanisms for induction of autoimmunity by viral infections has recently been reviewed [56] .
The hypothesis could be tested on several levels: 
